The rates of the ligand substitution reactions of niobium and tantalum complexes involving oxalate, tartrate, citrate or nitrilotriacetate as an auxiliary complexing agent with 4-(2-pyridylazo)resorcinol have been studied spectrophotometrically in acidic media. In the citrate system at pH 5, the maximum difference in rate of substitution between the niobium and the tantalum complexes was achieved. Under the chosen conditions, where the total concentrations of citrate and 4-(2-pyridylazo)resorcinol are 2x102 and 1x104 -mol dm-3 respectively, the absorbance change during the reaction progress can be kinetically separated for each metal ion and less reactive tantalum in the range 10-6-10-5 mol dm-3 can be determined by a logarithmic extrapolation method. In the determination of 5x10-6 mol dm-3 of tantalum, the presence of 5-fold amounts (by molarity) of niobium can be tolerated. The effects of 52 diverse ions were examined.
Substitution reactions involving displacement of one ligand by another in a metal complex are widely used in inorganic differential kinetic analysis.'-3 In these reactions, chromogenic ligands suitable for monitering the reaction rate spectrophotometrically are occasionally used as a substituting ligand and polycarboxylic or aminopolycarboxylic type of ligands as a constituent of the complex. When reaction variables, such as the acidity of the reaction solution and the coordination characteristics of the ligands employed, are chosen to make the rate of substitution of each metal complex sufficiently different, the variation of absorbance can be temporarily separated for each metal ion and used as a parameter for quantitative analysis of mixtures of closely related metal ions such as niobium and tantalum.
In the spectrophotometric determination of tantalum, reactions quite similar to those obtained with this metal are usually observed with niobium. 4 Therefore the existing methods for determination of micro amounts of tantalum require separation of this element from the other usually by a preferential extraction as a fluorotantalate into isobutyl methyl ketone or benzene, followed by a photometric determination using Brilliant Greens, Malachite Green6-g, Pyrogallol9, Methylene Blue10 or Phenylfluoron." '2
The present paper describes a method of kinetic determination of tantalum with no prior separation from niobium. This method is based on the kinetic examination of the ligand substitution of the metal solution containing an auxiliary complexing agent in excess and distilled water were taken in a quartz cell with a light path of 5 cm placed in the cell compartment thermostated at 25.0±0.1°C. 1X10-2 mol dm-3 of sodium hydroxide or perchloric acid was added to control the pH of the solution. The whole volume was then brought to 25 cm3 with distilled water. After the attainment of thermal equilibrium, the reaction was started by the addition of 2 cm3 of the PAR solution kept at the same temperature; a glass spoon was used.
The reaction was followed automatically, the transmittance of the reaction system at 550 nm being recorded as a function of reaction time.
For the kinetic determination of tantalum, the concentrations of citrate and PAR in the reaction solutions were adjusted to 2X 10-2 and 1X104 -mol dm-3 respectively and the pH of the reaction solutions were adjusted to 5.0 with sodium hydroxide.
Results and Discussion

Stoichiometry
The color reaction given by Eq. (1) involves the ligand substitution of an auxiliary complexing agent(L) with PAR, followed by the formation of a ternary complex with these two components. 13 The time necessary for the maximum color development largely depends on the acidity of the solution and the coordination characteristics of L used. However under the present experimental conditions (see Table 1 ), as found by a spectrophotometric molar-ratio method, each metal ion which is assumed to be present quantitatively as MO(ox)33, MO(tart)33-and MO(cit)-(Hcit)2-for the oxalate, the tartrate and the citrate complexes respectively (ox2-, tart2-and cit3-refer to the fully deprotonated species of the respective auxiliary complexing agents) gives a 1:1 PAR complex irrespective of the difference in these variables. 13 This result is in agreement with the reported.14,15
In weakly acidic solution, PAR has an absorption maximum at 385 nm. The presence of the metal shifts the absorption band toward longer wavelength; 550 nm which is the absorption maximum of the PAR complex was found to be suitable for following the displacement of L by PAR from the complex.
Kinetics
The reaction of the niobium and the tantalum complexes involving an auxiliary complexing agent (L) with PAR was studied over a pH range [3] [4] [5] [6] .
Under the present experimental conditions, the substitution reaction of the metal complex M(V)-L with PAR can be expressed as Eq. (1).
Under the conditions where large excesses of L and PAR are present compared with the concentration of the metal ion and the pH of the solution is kept constant, the reactions are of pseudo first-order with respect to the metal complex.
Thus the kinetic equation can be described as
.. 
where ko=kf+kr, and A0, A, and A~ are the absorbances of the solutions at reaction time 0, t and 00, respectively. The first-order plot was linear for over 90% of the reaction.
Overall rate constants k0 were determined from the slope of the plot at various concentrations of hydrogen ion. Values of reaction half-life tli2=1n 2/k0 and AA=A~-Ao at the selected pH are summarized in Table 1 .
As can be seen from this table, in the oxalate system the reaction rate is increased with the increase of pH, but the opposite behavior is observed in other systems. However, in all systems the niobium complexes react faster than the corresponding tantalum complexes, and the maximum difference in rate of substitution is achieved in the citrate system at pH 5. Furthermore these conditions give the high difference in the value of AA between the niobium and the tantalum systems. Based on these findings, the citrate system at pH 5 will be chosen as the most suitable condition for the selective determination of tantalum in the presence of niobium. Table   1 Kinetic and thermodynamic parameters for the ligand substitution reactions of Nb(V) -L and Ta(V)-L with PARE
Principle of determination
In the citrate system, equilibrium in Eq. (1) is much favored to the right for both niobium and tantalum so that the reverse reaction, the dissociation of the PAR complex, can be neglected in the kinetic study. 
where eNb, ETa and CPAR are the molar extinction coefficients of Nb(V)-PAR, Ta(V)-PAR and PAR, respectively. CPAR denotes the total concentration of PAR and l denotes the cell length.
As expected from Table 1 , under the chosen conditions where the total concentrations of citrate and PAR are 2X 10-2 and 1 X 10-4 mol dm 3 respectively and pH of the solution is adjusted to 5, the reaction involving the niobium complex in the range 10-6 -10+5 mol dm-3 is virtually completed within several minutes after the start of the reaction. Since pseudo first-order conditions with respect to the metal and much lower molar extinction coefficient of PAR make the contribution of the last terms in Eq. (6) and (7) 
from which it follows that the plot of ln(A~--A1) against reaction time t gives a straight line with a slope of --kf a and an intercept on the vertical axis (t-'0) equal to In ETa/ [Ta( V)-cit]o. The concentration of tantalum is thus obtained. An example of the logarithmic extrapolation method for the determination of less reactive tantalum is shown in Fig. 1 .
Calibration graph and effect of niobium
Under the optimum conditions (C~;t=2X10-2 mol dm-3, CPAR=1X10-4 mol dm-3, pH=S), the calibration graph is linear over the range 10-6 -10-5 mol dm-3 of tantalum. The effect of niobium on the determination of 1 X 10-6 and 5X106 mol dm-3 of tantalum was studied; the presence of niobium up to 1X105 -and 2.5X 10-5 mol dm 3 did not cause interference.
Effect of diverse ions
The effect of diverse ions on the determination of 5X10-6 mol dm-3 of tantalum is summarized in Table 2 . Cations were added as chlorides, nitrates or sulfates, and anions in the form of sodium salts. The tolerance limit was defined as the amount of diverse ion causing an error of not more than 5%.
Except for fluoride, the presence of many common anions up to 100-fold amounts by molarity can be tolerated.
It should be emphasized that 100-fold amounts of EDTA do not interfere; this is important because EDTA is frequently used as a masking agent for heavy metal ions.
Many metal ions interfere with the reaction. These interfering metal ions are classified into the following three groups: (1) those with higher rate of substitution Table 2 are included in this group). The effect of the eight metal ions whose tolerance ratio is below 1 on the determination of 5X 10-6 mol dm-3 of tantalum was examined in the presence of 5X104 mol dm 3 of EDTA. Their maximum tolerance ratios were found to be improved as follows: Ni(II), Mn(II), Sc(III), 50; Fe(III), Hg(II), 10; Ce(III), Pd(II), 1.
However no improvement was achieved for cobalt(II).
In comparison with the spectrophotometric methods reported for the determination of tantalum, the proposed method is one of the most sensitive methods. In the determination of 5X106 mol dm 3 of tantalum, the presence of 5-fold amounts (by molarity) of niobium can be tolerated. The selectivity removes the need for the separation of niobium and is one of the major advantages of the proposed method.
